Study Design. A retrospective case series of UK victims of blast injury. Objective. To identify the injury patterns in the spine caused by under-vehicle blast, and attempt to derive the mechanism of those injuries. Summary of Background Data. The Improvised Explosive Device has been a feature of recent conflicts with frequent attacks on vehicles, leading to devastating injuries. Vehicle design has evolved to reduce the risk of injury to occupants in underbody blast, where the device detonates beneath the vehicle. The mechanism of spinal injury in such attacks is not well understood; understanding the injury mechanism is necessary to produce evidence-based mitigation strategies. Results. Seventy-eight victims were identified, of whom 53 were survivors. There were a total of 284 fractures, including 101 thoracolumbar vertebral body fractures and 39 cervical spine fractures. Most thoracolumbar fractures were wedge compression injuries. Most cervical spine fractures were compression-extension injuries. The most common thoracic and lumbar body fractures in this group suggest a flexed posture at the time of injury. Most cervical spine fractures were in extension, which might be compatible with the head having struck another object.
U nderbody blast, with a device detonating beneath a vehicle, has been common in armed conflict since the First World War. In these incidents, the victims might be injured by a combination of blast wave and by the movement of the vehicle driven by the explosion itself; this ''solid blast'' mechanism was first described in victims aboard ships struck by mines in Second World War. 1 There are few studies detailing military spinal injury in the published literature. The first epidemiological data suggest that only approximately 1% of injured personnel in the Korean War sustained spinal injuries; this has increased to 11% in more recent conflicts. 2 Recent data suggest that thoracolumbar spine fractures are common in mounted (in vehicle) victims of blast. 3, 4 In the conflicts in Iraq and Afghanistan, and in terrorist campaigns worldwide, military landmines and Improvised Explosive Devices (IED) have been common. Landmines from past conflicts remain a threat across much of the globe 5 and present a hazard to military personnel, humanitarian organizations, and civilians alike.
When a device detonates underneath a vehicle, the explosion propels a shockwave accompanied by a mass of earth toward the underside of the vehicle. 6 This causes deformation of the vehicle floor and structure, transmitting load to the occupants that cause devastating lower limb injuries as well as passing a load through the occupant's seat to the pelvis and spine. 7 It is not clear how the spinal column moves and how fractures occur during the blast event; in addition to the load through the seat that directly affects the spine, the legs might be forced upward by vehicle floor deformation causing the lumbar spine to flex while the torso might be held by a harness. Each of these loading mechanisms has an unknown effect on the resulting injury pattern as the vertebral column compresses and moves.
It was noted early that some simple vehicle design features could reduce the risk of fatality or major injury after a blast. 5, 8 Spacing the wheels away from the centre of the body and fitting blast deflectors to each wheel was found to direct force away from the vehicle. Increasing vehicle mass meant that more blast energy was needed to cause the vehicle to accelerate upward and injure passengers. A Vshaped hull was effective in directing the blast wave around the vehicle, again reducing the loads transmitted to the vehicle after blast. These features are shown in Figure 1 . More sophisticated technologies have emerged recently, such as energy absorbing seats to reduce the transfer of energy from blast to victim, 10 but these designs have not yet been proven to be effective.
Currently, vehicle designers use a standardized test, defined by NATO, 11 to assess the effect of their modifications on the risk of injury to occupants. This standard is based on data from aircraft ejection seat design and uses a test dummy with a rigid spine and a simple equation to correlate the displacement of a dummy's pelvis to a predicted risk of spinal injury; however, the model has been shown to underpredict the risk of spinal fracture in ejection seats and has not been validated in blast. 12 As the complexity of injury mitigation strategies increases, the need for accurate injury prediction models becomes greater. If blast tests are to give useful information, the interaction between the vehicle and its occupant must be understood and accounted for.
The aim of this study was to enhance the existing understanding of the mechanism of spinal fractures in underbody blast through a detailed, mechanistic analysis of comprehensive injury data. This will support the development of an improved injury prediction model for future tests, to improve mitigation strategies and save lives.
MATERIALS AND METHODS
The United Kingdom military maintains a prospectively recorded registry of its injured personnel, the Joint Theatre Trauma Registry (JTTR). This was interrogated to identify all victims with spinal fractures injured in IED attacks on vehicles between February 2008 and April 2013. The JTTR captured all spinal injuries, including those with a late diagnosis and fatalities.
Computed tomography (CT) scans were routinely performed on all casualties admitted to hospital. Fatalities were routinely investigated with a CT post-mortem if they did not survive to reach hospital. Each victim had their initial CT scan reviewed to classify spinal fractures. Studies were reviewed by a single author (E.S.) with random qualitycontrol checks by a consultant radiologist (I.G.). The radiologist was always consulted in case of doubt. Results were maintained on a computer database (SPSS, IBM Business Analytics, Amonk, NY, USA).
Each fracture was classified according to a standard anatomical and mechanistic classification system. The systems used were selected for simplicity, clarity, and an explanation in their published descriptions of the mechanism of injury. Cervical spine fractures were classified using the Levine and Edwards (C1), Levine (C2) and FergusonAllen (C3-C7) systems. 13, 14 Thoracic and lumbar spine fractures were classified using the McAfee system. 15 The McAfee system was chosen as it allowed a simple, welldescribed mechanistic description for each injury. Burst fractures were further classified using the Magerl system, which describes mechanistically the difference between burst fractures secondary to axial and flexion load, and also describes a ''pincer burst'' pattern associated with significant flexion. 16 Spinous process fractures were recorded.
In the McAfee and Magerl systems, an axial load causes compression and leads to a wedge fracture wherein the vertebral body collapses at an angle, especially when the spine is flexed. 15, 16 A burst fracture ( Figure 2 ) occurs under higher axial loads. Where the posterior spine is loaded in tension and fails, combined with a wedge or burst fracture of the body, this is a flexion-distraction injury. Spinous process fractures occur when the posterior spine is loaded in tension through the interconnecting ligaments and muscles, 17 although it is also possible for a spinous process fracture to occur under compression. The combination of a compression vertebral body fracture at one level and spinous process fracture at an adjacent level therefore implies a flexion-distraction mode of failure.
The frequency of each pattern at each level was analyzed and associated pelvis and skull injuries analyzed to look for increased incidence associated with a given vertebral fracture. The presence of spinous process fractures above and below each vertebral level was noted. Statistical analysis was performed using SPSS software (IBM Software). Simple contingency tables were constructed to allow Fisher exact test to identify the significance of a difference in the number of victims with and without each particular injury. A value of P < 0.05 was taken to mean that there was a significant number of victims with a given injury. A hypothesis for the mechanism of injury at each level could therefore be generated.
RESULTS
The initial JTTR search yielded 156 victims coded as having spinal injuries. Of these 30 (19.2%) were not caused by an explosion, and were therefore not considered further. Of the remaining 126 casualties, 48 had minor muscular injuries or back pain but no fracture, leaving 78 casualties with spinal fractures as a result of blast for analysis.
Of the 78 casualties, 53 survived and there were 25 fatalities (13 killed in action, 12 died of wounds later). The mean age of the cohort was 26.8 years (range 18-55). Each casualty had a mean 3.44 fractured vertebrae (range 1-21, mode 2, median 2) and a mean of 1.51 involved zones (range 1-3, mode 1, median 1). There were 21 cervical, 42 thoracic, and 55 lumbar vertebral fractures. The distribution of injuries is shown in Figures 3 and 4 .
Of the C1 fractures, two were burst fractures, one was a lateral mass fracture, and the fourth an anterior arch fracture. The six C2 fractures included four asymmetric pars fractures and two facet dislocations. The subaxial cervical spine fracture patterns are shown in Table 1 .
Thoracic and lumbar spine fractures are classified in Table 2 . Table 3 shows associated injuries and Table 4 identifies the risk of a spinous process fracture at levels adjacent to a vertebral fracture, which has mechanistic implications; these are discussed later in the article.
The key findings of this study are the following. Most cervical spine fractures are compressive, and many involve an extension mechanism. Most thoracolumbar spine fractures are a result of compression and flexion. There is a significant association between mid-thoracic spine fractures and adjacent level spinous process injuries, especially in the mid-thoracic spine, suggesting that the spine near these compressive fractures is in tension.
DISCUSSION
This study is the first single series to determine a mechanistic explanation of the injuries caused by underbody blast through the whole spine. Previous studies have described the demographics and epidemiology of military spinal injuries. 2, 3, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] In addition, there have been studies of specific spinal injuries, but none have reviewed injury patterns in the entire spine and tried to elucidate a mechanistic explanation for all injuries, 4,28-32 although some have identified possible mechanisms for individual injuries. 4, 33, 34 Much of the current knowledge regarding axial spinal loading injury stems from aircraft ejection seat research. [35] [36] [37] [38] Ejector seats impart substantial axial acceleration with an attendant risk of spinal fracture. In such injuries, the mass of the torso is key in leading to thoracolumbar injuries, and the mass of a helmet has been shown to affect cervical spine injuries 35, 39 ; however, the rates of acceleration in ejection are lower than in blast, 10, 40 injury patterns are different to those seen in blast, 41 and it is unclear how applicable the mechanisms in aircraft ejection injury are to blast. A reappraisal of the mechanisms of injury in blast was therefore required.
Cervical spine fractures are less common than thoracic and lumbar fractures in the literature as well as in this series. 3, 42 Burst fractures at C1 suggest an axial load leading to injury. 43 The anterior fracture of C1 suggests an extension-distraction injury and the two bilateral facet dislocation injuries at C2 suggest a combined mechanism of flexion and distraction. There are two possible mechanisms for this. It is possible that the head strikes the inside of the vehicle, or individual equipment is pushed upward, striking the head. There is an increased risk of a skull fracture with a C1 or C7 fracture, which supports this notion. It is also possible that rather than failing in axial compression, the cervical spine is buckling under axial load, leading to the different fracture patterns in the middle of the cervical spine. Nightingale et al 44 noted that increased loading rates lead to increasingly complex buckling dynamics in the cervical spine, along with increasing load at C7. These fracture patterns also support a buckling mode of failure, and if the head strikes the vehicle, it is reasonable to assume that the loads at C1 and C7 would increase, leading to both more fractures at these levels and a combination of C1, C7 and skull fractures; we suggest, therefore, that these data imply a combined head impact and buckling mechanism of cervical spine failure.
Asymmetric fractures suggest either rotation or tilt of the head, which would be expected in a seated vehicle passenger who might be looking out of the window or toward a colleague at the moment of injury. Another explanation might be that the seat of the blast is to the side of the victim, so the victim is loaded asymmetrically.
In the thoracic spine, the majority of fractures occur at T4, T5, and T6. This is the midpoint of the thoracic curve, where the spine is furthest from the center of gravity of the torso and the line of action of an axial load through the pelvis. Previous series have noted an increased risk of injury in blast at this point. 45 The patterns at this level suggest a mix of flexion and compression, or compressive failure of the anterior spine with distraction failure of the posterior spine. This suggests the spine is failing under a compressive load acting anterior to the vertebral column, along the line of the centre of gravity of the torso or under an axial force up through the pelvis. Spinous process fractures are more common at the levels above and below mid-thoracic vertebral body fractures, suggesting tension failures in the posterior spine, which supports this hypothesis.
The thoracolumbar junction is also a point of interest were immobile and mobile parts of the spine meet as the vertebral column loses support from the ribcage at L1. There are a large number of fractures at L1, with an increased number of wedge compression and flexion pattern fractures in this area compared with the adjacent levels. This supports the notion that the lumbar spine flexes as the legs are pushed upward by the deforming vehicle floor, as suggested by Ragel et al. 33 This is also supported by the large number of pedicle and pars fractures associated with a body fracture at L1 and L2, and the number of lumbar spinous process fractures.
Lumbar spine fractures are common in this series. In the McAfee system, burst fractures are most common; unstable burst fractures suggest a high-energy injury. In the Magerl system, burst fractures are further divided in to axial, flexion, and pincer burst, where there is a large kyphosis as the vertebra is crushed by those above and below. 16 In the complete burst fractures, there are more flexion than axial burst fractures, suggesting a degree of lumbar spine flexion at the time of injury. In our study, the increasing number of burst fractures compared with wedge compression fractures moving down the lumbar spine might be because the vertebral column moves closer to the line of action of the axial force; it might also represent the effect of increasing mass from the body above. The trend toward increasing risk of a pelvic fracture associated with low lumbar fractures also supports this. Lehman et al 34 suggested that lumbar burst fractures occur at lower vertebral levels in military victims than in civilian, perhaps because the flexible lumbar spine is supported by body armor, effectively lowering the transition from rigid to mobile spine that otherwise occurs at L1. They also proposed that such injuries might be due to the legs being forced upward by a deforming vehicle floor combined with the axial load through the pelvis. In this series, burst fractures are common throughout the lumbar spine but are more common at L1 than lower down, which does not support the proposition in Lehman et al.
In this series, we noted several distinct patterns of injury. All the fractures in the spine are related to axial loading. In the cervical spine there are some extension and distraction pattern injuries suggesting impact with another object, or a buckling mode of failure. In the thoracic spine, the fracture patterns suggest an axial force was applied anterior to the fractured vertebrae, with tension failure of the posterior spinal column confirmed by the presence and location of spinous process fractures. At the thoracolumbar junction, the fracture patterns suggest the spine is flexed at the moment of injury, possibly because of the combination of axial force through the pelvis and upward leg movement that causes the pelvis to move forward and in turn the spine to flex. In the lumbar spine, the patterns are consistent with high-energy axial load through the vertebral body, combined with flexion.
Despite the number of injuries being limited, it is possible to identify a consistent pattern of spinal injury in vehicle occupants after an explosion. Each classification system carries a relative uncertainty in assigning mechanisms to the injury, although using more than one system where possible mitigates this somewhat. A blast might occur under any point of the vehicle and the occupant might be sitting in any of a number of locations or postures. Devices might be large or small, with an effect on the load transferred to vehicle and occupant. Each of these might affect the resulting injury pattern. Whether the seat is open or enclosed, for example, would further support understanding the mechanism of buckling in the cervical spine as it would allow us to confirm or refute the notion that the head strikes the inside of the vehicle. Although it is possible to determine the type of vehicle, seat, harness, or personal equipment worn this information is not publishable for obvious security reasons. Nonetheless, in this series, most victims would have been wearing the same standard protective equipment and the same type of harness. Only one study has discussed the effect of different vehicles on injury pattern in the published literature; it is suggested that the unknown size of charge means that the effect of differences in injury between different vehicles cannot be identified. 46 Furthermore, to prevent individual patient identification, it is not possible to list the injuries in a single victim, although such data would enhance the value of this study.
The imaging studies available did not demonstrate ligamentous injury, but soft tissue injuries appear to be rare in blast as studies detailing spinal injuries from blast do not report such injuries, and ligaments require significantly higher energy to failure at the high strain rates seen in blast. 2,3,18,27-29,47 -52 In the short term, this study provides information that might support changes to vehicle design to moderate the patterns of fracture encountered; perhaps appropriate changes to the seat design could change devastating burst fractures to less disabling wedge fractures. Further research is needed to confirm the role of posture in moderating fracture patterns, but in the longer term these data are a useful step in the evolution of a detailed and reliable model of the behavior of the spine in underbody blast.
Key Points
The mechanism of injury to the spine in vehicle mounted blast victims is poorly understood. Vehicle designers have sought to reduce the risk of injury in blast incidents, but designs are based on a limited understanding of the behavior of the spine after underbody blast. We identified patterns of spinal injury in a retrospective study aiming to understand the mechanism of injury, with the goal to aid in designing better vehicles in the future.
